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Introduction

It is estimated that 40% or more of patients with intermediate-to-high risk prostate cancer
will relapse locally and systemically within five years after definitive radiotherapy. We
hypothesize that this high rate of failure is partly due to under-irradiation of the pelvic lymph
nodes. One of the challenges to using IMRT in concurrent treatment of the prostate and the
pelvic lymph nodes is the independent movement of the prostate relative to the lymph nodes,
rendering the conventional iso-center shifting method of tracking prostate movement inadequate.
The purpose of this research is to develop a novel method using multi-adaptive plan (MAP)
IMRT to accommodate independent movement of the two targeted tumor volumes. In order to
evaluate effectiveness of the MAP IMRT approach, we first establish a baseline benchmark by
creating a set of ideal IMRT plans for each patient based on the daily acquired mega-voltage or
kilo-voltage cone beam computed tomography (CT), which represents the ideal case of daily
online treatment planning. Based on this established benchmark, we can further evaluate two
adaptive strategies: strategy A creates a set of IMRT plans individually optimizing on a series of
possible prostate positions in the planning CT; and strategy B creates a set of multi-adaptive
plans by dynamically adjusting the radiation apertures to accommodate the daily position of the
prostate.

Body
(a) Task 1 (3) —Patterns of prostate motion and effect of prostate rotation
As we mentioned in last year’s report, we encountered large rotations in the prostates of 8

patients when aligning the implanted markers as stated in Task 1. Due to the limited soft tissue
contrast of mega-voltage cone beam CT (MV- CBCT, the source of the rotation, migration of
the marker, or true rotation of the prostate, could not be determined. From an IRB approved
registry of prostate cancer at Cleveland Clinic, we identified five patients, with 43 kilo-voltage
cone beam CT (KV-CBCT) and implanted markers. With these K\V-CBCTs, for which the
image quality had sufficient soft tissue contrast, we were able to manually delineate the
prostate, bladder, and rectum on each CBCT. To eliminate potential setup errors, we first co-
registered each CBCT with its corresponding planning CT based on the pelvic bony alignment.
These shifts were subtracted from all shifts discussed below. Therefore, the registration shifts
for the remaining context represent the prostate displacements relative to the bone.

Table I. Prostate rotational shift variations in degrees.

LR ( degree) AP (degree) Sl (degree)
Overall mean 3.3 -1.4 -0.8
Overall SD* 5.8 2.9 2.8
Systematic SD* 4.6 2.3 2.1
Random SD* 4.1 2.0 2.0

SD*= standard deviation; LR = Left and Right; AP = anterior and posterior;
Sl = superior and inferior



When co-registering three implanted markers from a CBCT with those in the planning
CT, an unique solution can be determined analytically with three translational shifts and three
rotational shifts while considering three implanted markers as three points. With this analytical
method, a computer program can automatically determine the rotation shifts of the prostate in
each CBCT. As shown in Table 1, we found that prostate rotational shifts dominated in the
left-right axis, with respective systematic and random components of 4.6° and 4.1°. Figure 1
shows the detailed prostate rotational shifts along three principal axes for 43 CBCT analyzed
and the frequency distributions of the rotational shifts along these three axes.

Without a robotic treatment table (or six degree freedom), correcting these rotational
errors were not clinically feasible thus often being ignored while assuming they were small.
Our data showed that this assumption may not be valid as some rotational shifts could be
greater than 10°. To quantify the geometric and dosimetric effect of ignoring these rotational
shifts, we compared two marker registration methods. One method allowed both translational
and rotational shifts to align the markers first and then zero out the rotation, mimicking the
frequent clinical practice in situations without a six-degree treatment table. The other method
allowed only translational shifts to align markers, partially compensating the prostate rotations
by translational shifts. When the rotational shifts were greater than 10°, we found that the
differences in the prostate of center of mass distance (CMD) between the two marker
registrations were greater than 5 mm in 85.7% of these fractions; when the rotational shifts
were greater than 6°, the differences of CMD were greater than 4 mm in 61.1% of these
fractions.

Prostate Rotational Shifts Frequency of Prostate Rotational Shifts
20.00
15.00
10.00

Frequency

@
2
4
& 500 8
c
§ 000 6
] i
S 500 4
2]
10.00
04
T — M4 42 10 8 6 4 2 0 2 4 6 8 10 12 14
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 Rotation Angle (degree)
Fraction Index
—a—aboutLR —=—about AP —— about SI Babout LR MaboutAP M aboutSl

Figure 1. (a) Detailed prostate rotational shifts along three principal axes; (b) Frequency
distributions of the rotational shifts along these three axes.

To determine which marker registration method is more accurate, we use the prostate
contour registration method as a benchmark. With contour-based registration, we manually
align the contour of the prostate on the CBCT with the contour of the prostate on the planning
CT while maximizing the overlap of the two contours with translational shifts. This method
inherently compensates the prostate rotational errors into the translational shifts. When
compared to the contoure- based registration, the mean CMD difference of the marker
registration without rotation compensation was 6.6 mm ( range from 1.9 mm to 15.8 mm).
The mean CMD difference of the marker registration with rotation compensation was smaller,
3.9 mm (range from 1.1 mm to 9.1 mm). Figure 2 illustrates the differences among these
registration methods. In Figure 4, there are four different prostate contours: (a) prostate
contour transferred from the planning CT after the marker-based registration without rotation



compensation; (b) prostate contour transferred from the planning CT after the marker
registration with rotation compensation; (c) prostate contour transferred from the planning CT
after contour based registration; (d) the prostate contour directly delineated on the CBCT.
The transferred prostate contour from the contour registration may minimize potential
deviation of the prostate delineation on the KV-CBCT due to the limited soft tissue contrast
despite its improvement when compared to mega-voltage (MV) CBCT. For the following
geometry and dosimetric analyses, we used transferred prostate contour after contour
registration as the “prostate of the day”. As shown in Figure 3, the difference in the center of
the mass of the transferred prostate contour after contour registration and the center of the
mass of the prostate contour manually drawn on the CBCT were small, with an average of
1.3+ 0.5 mm.

(a) (b) (c)

Figure 2. Prostate contours on a CBCT obtained from different registration methods in (a)
transverse, (b) coronal, and (c) sagittal views. The outline in blue is the prostate contour
transferred from the planning CT after the marker registration without rotation
compensation; the outline in red is transferred from the planning CT after the marker
registration with rotation compensation; the outline in purple is transferred from the
planning CT after contour-based registration; the outline in yellow is the manual contour
of the prostate directly on the CBCT.

The analysis of Ol showed that, to achieve 95% overlap between the “prostate at
planning” and the “prostate of the day”, marker registration with translational compensation can
reduce a planning margin reduction of 2mm in 3 out of 5 patients (66.7%). Dosimetrically, with
2 mm planning margin reduction, the average daily dose to 95% of the prostate (D95) were 1.97
Gy and 1.91 Gy for the marker-based registration methods with and without compensation,
respectively (p = 0.03).

In conclusion, compensating for the rotations with translational shifts is possible, and it
will improve geometric and dosimetric indices when the prostate rotation cannot be corrected by
a means of a six degree treatment couch. A completed manuscript is attached in Appendix A.
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Figure 3 (a) Difference in the center of mass between the prostate contour transferred
after contour registration and the prostate manually contoured on CBCT. (b) The center
of mass distance of the prostate after marker registration with (Marker_T) and without
(Marker_TR) rotational compensation.

(b) Task 1 (5) Atlas-based auto-segmentation

As stated in task 1-5, we intended to develop model-based contouring models to facilitate
efficient delineation of the bladder and rectum for each MV-CBCT. Last year, we reported that
the atlas-based autom-segmentation tool achieved a modest success. The average overlap
between the manually drawn and master atlas-based contours for the prostate, lymph nodes, and
rectum were 60%, 51%, and 64%, respectively. For the purpose of re-planning or online
adaptation, we further hypothesize that the patient-specific atlas-based segmentation tool can
improve overlap indices between the manually drawn and automatic contours significantly when
compared to the general patient based atlas method. Moreover, use of diagnostic imaging for
imaging guidance will further improve performance of atlas-based auto-segmentation (ABAS).

From our registry of prostate cancer, we chose seven patients, who underwent external beam
treatment of prostate cancer with daily diagnostic CT-in-room imaging guidance for 38 treatment
sessions. For each patient, the prostate, rectum and bladder were manually contoured based on the
protocol of Radiation Therapy Oncology Group (RTOG 0126). To test efficacy of the patient-
specific atlas, three patient-specific atlases were created for each patient, consisting of one, four
and seven prior contour and image sets. These atlases were then used to automatically generate
contours for the last seven daily verification CT images of the patient. The automatically and
manually generated contours were compared using the overlapping index (OI) and dice similarity
coefficient (DSC). Statistical significance was assigned at P<0.05 for two-tail student t test.

As an example, Figure 4 compares the manual and automatic contours of the bladder, rectum,
and prostate for a patient, using atlases comprised of 1, 4, 7 image sets. Among these patients, auto-
contours of the bladder obtained from all atlases were highly consistent with the manual contours.
The Ol and DSC were above 96% and 91%, respectively. For the prostate, the Ol and DSC for 7-



image set (87.845.4% & 86.6+4.9%) and 4-image set (88.8+4.0% & 87.1+3.2%) atlases were
similar, both significantly higher than those from 1-image set atlas (84.6+5.5% & 82.5+6.4%). For
the rectum, the Ol and DSC topped at 86.2+9.2% and 87.8+9.9% for 7-image set atlas, followed by
82.8+14.6% and 84.7+8.8% for 4-image set atlas, and 80.9£13.1% and 80.9+8.8% for 1-image set
atlas. The summary of these results are shown in Figure 5. The times for manual and automatic
contouring were approximately 20 minutes and 1 minute, respectively. A manual “fine tuning’ of the
auto-segmentation required about 6 minutes. With verification images having the same quality of
the planning images, patient-specific atlas-based auto-segmentation can provide fast and consistent
delineation for prostate cancer on a daily basis. The inclusion of more than four to seven CT sets in
atlas further improves the contouring results.

Auto Manual
Bladder

Prostate
Rectum

1 image set Atlas 4 image set Atlas 7 image set Atlas

Figure. 4. Manually and automatically generated contours on a representative mid-level slice
with prostate, bladder and rectum all presented.

Compared with non-patient-specific atlas, patient-specific atlas yielded significantly
more accurate contours. Figure 6 compares the effect of patient-specific versus non-patient-
specific atlas performances. For three structured contoured, both DSC and Ol from patient-
specific atlas were significantly better than those obtained with the non-patient-specific atlas.
Rectum exhibited the greatest differences in output (>40 %) in response to this change of atlas
components. The use of non-patient-specific atlas decreased the DSC and Ol from over 80% to
a low level of 50.2+13.5% and 46.8+12.9%, respectively.
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Figure 6. Effect of the use of patient specific atlas for ABAS. DSC and Ol were generated with
four-image set atlas. * P<0.05 compared to results obtained using non-patient specific atlas.



The reproducibility of atlas-based auto-segmentation performance was validated by the
second observer as shown in Figure 7. The DSC and Ol were similar with those obtained from
the first observer for all three regions of interests, suggesting a strong reproducibility of the
ABAS method. On the other hand, compared with the inter-observer variation in manual
contours, ABAS yielded comparable geometrical similarity indices (< 3%) for both bladder and
prostate. The ABAS generated indices (DSC: 81.0+6.7% and Ol: 81.1+12.9%) were lower than
the inter-observer variation (DSC: 87.5+4.5% and Ol: 93.3+3.4%) for rectum because of the
presence of air bubbles and large anatomical changes. These suggest that a manual ‘fine tuning’
process may significantly improve the contouring accuracy of rectum, while it is less critical for
prostate and bladder.
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Figure 7. Reproducibility study of ABAS methods. ABAS was performed with single-image set
patient specific atlas. DSC and Ol were obtained on the same 21 image sets from two
independent observers. *P<0.05 compared to ABAS results from the 2" observer. 1P<0.05
compared to the inter-observer variations for manual contours. F P<0.05 compared to the inter-
observer variations for manual contours.
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In conclusion, the use of patient-specific atlas can produce automatic contours that were
highly consistent with the manual ones. The inclusion of multi-image sets in the atlas further
improves the performance. Since the use of diagnostic images for imaging guidance is not
widely available clinically, we plan to validate our results with kilo-voltage cone beam CT,
which is predominantly used for daily imaging guidance. Our results demonstrate the
application potential of ABAS for adaptive planning to compensate independent inter-fractional
organ motions in concurrently treatment of the prostate and pelvic lymph nodes. The completed
manuscript is attached in appendix B.

(c) Task 1 (6) and Task 3 (4&5) Comparison of ideal MAP plans with MLC-MAP plans

To establish evaluation criteria for our proposed adaptive strategies, we need to create a
set of IMRT plans, which retrospectively simulate on-line planning based on the acquired daily
verification images. These sets of simulated on-line plans are referred to as ideal MAP plans.
Because real-time planning is not yet clinically practical, we proposed an adaptive strategy by
shifting multi-leaf collimator (MLC) leaves without requiring real-time planning or dose
recalculation. The plans created with this method are referred to as MLC-MAP plans.

Six patients with a total 124 fractions of kV-CBCT images with concurrent prostate and lymph
nodes treatment were consented for this retrospective study. For each KV-CBCT, the contours of
prostate, bladder, and rectum were manually delineated. Assuming that the lymph nodes are
fixed with respect to bony anatomy, the contours of lymph nodes were transferred from the
planning CT after bone-based rigid image registration. The daily prostate displacements were
obtained using dual image registrations: alignment to the bone and alignment to the prostate. For
each fraction, four IMRT plans were created: (a) MLC-shifting plan; (b) iso-center shifting plan
according to alignment to the bony structures; (c) iso-center shifting plan according alignment to
the prostate contour of the day; (d) simulated real time plan. When comparing these four types
of plans, we evaluated the dose to 95% (D95) of the prostate and lymph nodes, and dose to 5%
and 50% (D5 and D50) of the rectum and bladder. These dosiemetric endpoints were efficiently
extracted by another in-house program as described in Task 2 (item 2).

To create MLC-shifting plans, we used an in-house program to automatically shift each
segment of the original IMRT plan. This in-house program was developed last year, as described
in Task 2 (item 1), and the program automatically identified MLC pairs that were collimated to
the prostate and adjusted the positions of those leaf pairs according to measured prostate
displacements. The shifts MLC positions were then input back to the planning system and
applied to the corresponding KV-CBCT for dose calculations.

To create iso-center shifting plan based on bony registration, we used the daily KV-
CBCT as the primary images for dose calculation, then shifted the KV-CBCT acquisition center
according to the shifts after bony registration, and set this shifted center as the treatment iso-
center. Finally, we associated the input for each segment of the original IMRT plan with the new
iso-center and performed dose calculation based on the KV-CBCT of the day. Following the
same procedure, we created contour iso-center shift plans. In these plans, the iso-center of each
daily KV-CBCT was shifted according to the alignment of the prostate contour of the KV-CBCT
with the prostate contour of the planning CT.

For the ideal MAP plans, or simulated real-time plan, we set the iso-center as the iso-

center in the bony iso-shifting plans and performed a full-fledged optimization to create
simulated real-time plan. Because of unstable CT numbers in the KV-CBCT, we manually set
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the physical density of the KV-CBCT to 1 for all plans based on KV-CBCT.

b ‘—0— MLC —=— Bone —a— Contour ‘

a ‘—0— MLC —=— Bone —a— Contour

1.06
® £
L
5 1.02 E ' 2
8 =
o o
T 0.98 €
g 3
D
& 094 é
Yol
(2]
[a]

0.9

Fraction Number Fraction Number
Figure 8. Normalized to the daily planned dose received by 95% (D95) of the prostate, daily
dose of D95 of the prostate (in a) and D95 of the pelvic lymph nodes (in (b) calculated based on
daily KV-CBCT for MLC-shift, bone iso-shift and contour iso-shift methods.
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Figure 9. Normalized dose to the planned daily dose received by 5% (D5) of the bladder and
rectum, respectively, (a) daily D5 of the bladder and (b) daily D5 of the rectum calculated based
on daily KV-CBCT for MLC-shift, bone iso-shift and contour iso-shift methods.
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Figure 10. Normalized to planned daily dose to 95% (D95) of the prostate, daily D95 of the
prostate (a) and D95 of the pelvic lymph nodes (b) calculated based on daily K\V-CBCT for
MLC-shifting and real time planning (re-plan) plans.
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Figure 11. Normalized to the planned dose to 5% of the bladder (D5) and rectum (D5), daily

dose to 5% (D5) of the bladder in (a) and rectum in (b) calculated based on daily KV-CBCT for
MLC-shifting and real time planning (re-plan) plans.

From Figures 8-11, we found that the MLC-MAP method can achieve that daily dose to 95% of
prostate and lymph nodal volumes were > 97% of the planned daily dose (referred to as Rx
dose), compared to > 92% of the planned daily dose for the conventional iso-center shift
methods. When compared to the real-time planning method, MLC-shifting plans achieved

similar dose coverage to the prostate. For the pelvic lymph nodes, except for a few fractions, the

dose coverage was adequate. Moreover, the MLC-shifting plans did not increase dose to the

sensitive structures such as the bladder and rectum.
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Key Research Accomplishments

@) We found that the rotation detected by registering implanted markers may not reflect
true rotation of the prostate. Ignoring these detected rotations may lead to erroneous
errors of determining the true prostate potion.

(b) We found that compensating for the prostate rotations detected based on marker
registration can be compensated with translational shifts. Such compensation will
significantly improve geometric and dosimetric indices.

(©) We found that when the verification images had the same quality of planning CT, the
use of patient-specific atlas could produce automatic contours that were highly
consistent with the manual contoured ones.

(d) Performance of patient-specific atlas is drastically better than general patient
population-based atlas.

(e) The inclusion of multi-image sets (four or more) in the patient-specific atlas can
further improve the performance.

()] We found that iso-center shifting based on the bony alignment plans achieved

adequate dose coverage for the pelvic lymph nodes, but not sufficient for the prostate.
In contrary, the iso-center shifting based on the prostate contour alignment plans
achieved adequate dose coverage for the prostate, but not sufficient for the pelvic
lymph nodes. MLC-shifting plans provide the best compromised solution.

(9) When compared to the ideal plan with real-time planning, the MLC-shifting plans
achieved similar dose coverage for the prostate. Except for a few fractions, MLC-
shifting plans also achieved similar dose coverage for the pelvic lymph nodes. For
the bladder and rectum, the MLC-shifting plans achieved comparable endpoint doses
as the ideal plans.

Reportable Outcomes

(@) Qingyang Shang, Lawrence Sheplan, Kevin Stephans, Rahul Tendulkar, and Ping Xia: “
Daily Prostate Rotation should be Compensated in Translational Correction and not to be
Ignored”, abstract, poster presentation at the Annual Meeting of American Association of
Physicists in Medicine at Vancouver, BC, Canada, July 31-August 4, 2011 (Appendix D).

(b) Guangshun Huang, Naichang Yu, Kevin Stephans, Rahul Tendulkar, and Ping Xia:
“Assessing Planning Margins Using Shifting Dose Matrix Method to Calculate Daily and
Cumulative Doses Under Imaging Guided Radiotherapy (IGRT).” abstract, poster presentation at
the Annual Meeting of American Association of Physicists in Medicine at Vancouver, BC,
Canada, July 31-August 4, 2011 (Appendix E).

Conclusion

In summary, in this period of research we completed a manuscript for which the abstract was
reported in last year’s report (in Appendix C). We investigated the possibility of a large
rotational shift that was detected based on marker-based image registration by selecting patients
with three implanted markers and with kilo-voltage cone beam CTs. We found that most
detected rotational shifts can be compensated by translational shifts, and ignoring these rotational
shifts may lead to erroneous prostate positioning resulting in missing the radiation target of the
prostate. Using general patient population-based atlas, our results last year showed a modest
performance. This year, we used diagnostic quality verification images to construct patient-
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specific atlases, and we found that the patient-specific atlas can produce automatic contours that
were highly consistent with the manually contoured ones. We plan to validate this finding by
using kilo-voltage cone beam CTs next year, since kilo-voltage cone beam CTs are widely used
as verification images clinically. When compared to the ideal MAP plans, we found that MLC-
shifting plans achieved comparable dose coverage to the prostate and, with the exception of a
few fractions, MLC shifting plans were also comparable to the ideal MAP plans for the pelvic
lymph nodes. We speculated that in these few exceptional fractions, a finer MLC leave width
(<0.5 cm) may improve the result, or using a combination of treatment table movement and
MLC shifting may improve the outcomes. Furthermore, our dosimetric evaluation is mostly
based on daily doses. We plan to examine dosimetric effect from a total delivery dose by
accumulating daily dose from the verification CTs.
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Appendices
Appendix A:

Daily Prostate Rotation Can Be Compensated in Translational Correction

Qingyang Shang, Lawrence J. Sheplan Olsen, Kevin Stephans, Rahul Tendulkar, and Ping Xia

Department of Radiation Oncology, Cleveland Clinic, Cleveland, Ohio 44195

Abstract

Daily prostate displacement can be determined by registering the implanted fiducial markers
from the planning CT with the daily verification images. However, the detected rotational shifts
may not be corrected due to practical reasons. The question is what the dosimetric impact is if
the rotational shifts are not corrected and what the dosimetric gain is if the rotations are
compensated with translational shifts. The aim of the study is to quantify geometric and
dosimetric effects of rotational shifts with and without corrections. Five patients, with 43 kilo-
voltage cone beam CT (KV-CBCT) and implanted markers, were selected for this retrospective
study. The prostate, bladder, and rectum were manually contoured on each CBCT by a physician.
Two methods were applied to register markers from CBCTs with those from the planning CT:
one method allowed both translational and rotational shifts to align the markers first and then
zero out the rotation, mimicking the frequent clinical practice in situations without a six-degree
treatment table; the other method allowed only translational shifts to align markers, partially
compensating the prostate rotations by translational shifts. Center of mass distance (CMD) and
Overlap index (OI) were evaluated as geometric indices for these two registration methods. Their
dosimetric effects were also analyzed by comparing the dose coverage of the prostate clinical
target volume (CTV) and the possible reduction of the planning margin. We found that prostate

rotational shifts dominated in the left-right axis, with respective systematic and random

16



components of 4.6° and 4.1°. When the rotational shifts were greater than 10°, the differences in
CMD between the two marker registrations were greater than 5 mm in 85.7% of these fractions;
when the rotational shifts were greater than 6°, the differences of CMD were greater than 4 mm
in 61.1% of these fractions. The analysis of Ol showed that, to achieve 95% overlap between the
“prostate at planning” and the “prostate of the day”, a planning margin reduction of 2mm in 3 out
of 5 patients (66.7%) was achieved when marker registration with translational compensation
was used. Dosimetrically, with 2 mm margin reduction, the average daily dose to 95% of the
prostate (D95) were 1.97 Gy and 1.91 Gy for the methods with and without compensation,
respectively (p = 0.03). In conclusion, compensating for the rotations with translational shifts can

improve geometric and dosimetric indices when a six-degree couch is not available.
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1. Introduction

External beam radiation therapy is one of the most commonly used techniques for prostate
cancer treatment. During the course of the treatment, which takes typically several weeks to
complete with daily treatment delivery, the prostate moves frequently and randomly relative to
the pelvic bones because of the variable filling and emptying of the bladder and rectum (Langen
and Jones, 2001; Byrne, 2005). Such geometric uncertainties pose a great challenge to precise
prostate localization for treatment delivery. The use of image-guided radiotherapy (IGRT)
improves treatment accuracy considerably by measuring patient setup error and internal organ
motion, and incorporating the shift information into the correction strategies of the treatment
plan. This technique allows effective reduction of clinical target volume (CTV) to planning

target volume (PTV) margins, and thus improves normal tissue protection.

Using implanted markers as a surrogate to localize the prostate is a well-adopted method of daily
IGRT (Khosa et al., 2010). Because of their high contrast, the implanted markers can be easily
detected by all common forms of X-ray imaging modalities, including conventional electronic
portal images (EPI), stereoscopic kilo-voltage (KV)-images, mega-voltage cone beam computed
tomography (MV-CBCT), kilo-voltage cone beam CT (KV-CBCT), and diagnostic CT-in-room.
Alternatively, without the use of X-rays, implanted electromagnetic transponders (the Calypso
system, Calypso Medical, Seattle, WA) can not only localize the prostate prior to treatment but
also track the prostate motion during treatment. More importantly, registering three markers from
the planning CT with the verification images can have an analytical solution, and thus the six
degrees of shifts, including three translational and three rotational shifts, can be determined

automatically.

Many studies investigated the rotational setup errors and rotational shifts of the prostate during

the course of the treatment. Some studies have found that rotational setup errors are relatively
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small (Guckenberger et al., 2006; Remeijer et al., 2000), and that a robotic treatment couch could
reduce the systematic component of the error (Soete et al., 2006). In addition, studies have
shown that the dosimetric effects of rotational setup errors are modest (Cranmer-Sargison et al.,
2008)(Fu et al., 2006). Other studies, however, reported that the rotational errors of the internal
organ are greater in magnitude and play a more important role in dosimetric impact than setup
errors, so the rotational errors of the prostate have been the focus of more comprehensive studies
(van Herk et al., 1995; Stroom et al., 1999; Dehnad et al., 2003; Aubry et al., 2004; Hoogeman
et al., 2005; Owen et al., 2011; Wu et al., 2006). To correct the rotational shifts of the prostate,
several strategies have been proposed, such as online corrections by couch rotations (van Herten
et al., 2008), gantry and collimator angle adjustments to correct for left-right rotations (Rijkhorst
et al., 2007), and a hybrid approach of combining offline adaptive planning and online image

guidance (Lei and Wu, 2010; Liu and Wu, 2011).

The calculated rotational shifts, however, may not be corrected due to several practical reasons,
among which the most notable ones are: (a) a six-degree treatment couch is not available; (b) it
may be unsafe to position a patient with large rotations. The question is: if the rotational shifts
cannot be corrected, should they be compensated with translational shifts, or simply ignored?
The purpose of this study is to investigate whether the rotational displacements of the prostate
can be compensated with translational shifts and to quantify geometric and dosimetric effects

with and without compensation.

2. Methods and materials

2.1. Patient selection and treatment planning

Five patients, who underwent definitive external beam radiotherapy, had three electromagnetic
transponders implanted for daily IGRT using the Calypso 4D localization system (Calypso

Medical, Seattle, WA). In addition, weekly or daily kilo-voltage cone beam CTs (KV-CBCT)
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were also acquired to cross check the Calypso system, upon the request of radiation oncologists.

A total of 43 KV-CBCTs were available for this retrospective study.

The patients were treated with two different dose schemes: 2 Gy per fraction to a total dose of 78
Gy; and 2.5 Gy per fraction to a total dose of 70 Gy. For the purpose of this study, the
prescription of all plans was re-normalized to 2 Gy per fraction to a total dose of 78 Gy, without
altering IMRT optimization. The CTV was the prostate, and the organs at risk (OAR) included
the bladder and rectum. The planning margins for these patients were 4 mm posteriorly and 6
mm elsewhere. The IMRT plans were created with the Pinnacle treatment planning system
(Pinnacle®, Philips Radiation Oncology System, Madison, WI), using a typical five beam

arrangement with 10 MV photon beams.

2.2. Quantification of the prostate displacement

On each KV-CBCT, the prostate, rectum, and bladder were manually contoured by a physician.
Subsequently, each CBCT was registered with the corresponding planning CT using four
different image registration methods (a total of 172 imaging registrations). The image
registration methods used were: (a) manually align the bones with translational shifts only
(Bone_T); (b) automatically align the three markers with both translational and rotational shifts
(Marker_TR); (c) manually align the three markers with translational shifts only (Marker_T);
and (d) manually align the prostate contour with translational shifts only (Contour_T). After
subtracting translational shifts from the bony alignment (the first registration method), patient
setup error was removed from the other three methods, defining the translational shifts of the
prostate related to the pelvic bones. The prostate rotations from the second method were
recorded. To investigate whether the rotational displacement of the prostate can be compensated
with translational shifts, we used the contour registration method (Contour_T) as a benchmark to
evaluate the two marker registration methods (Marker_TR and Marker_T) by comparing their

geometric and dosimetric indices.
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2.3. Geometric analysis

Because of limited soft tissue contrast in each KV-CBCT, prostate contours manually drawn on
the KV-CBCTs may be subject to some uncertainties and variations. To minimize these
variations, for the marker based alignments, the prostate contours were transferred from the
planning CT after registration. To avoid unnecessary variables in comparison of geometric and
later dosimetric parameters for the registration methods investigated in this study, we used all
transferred contours from the planning CT, including the contour based registration method.
Thus, for each patient, after applying each method of registration, the planning prostate contour
was transferred from the planning CT to the registered CBCT. The transferred planning contours,
denoted as Prostate Marker TR, and Prostate_ Marker T, and Prostate_Contour T,
corresponded to the Marker_ TR, Marker_T, and Contour_T registrations. All these contours
were CTV contours. For the Marker TR registration, rotations were ignored for contour
transferring, reflecting clinical practice without a six-degree treatment couch. The manually
drawn prostate contour on the CBCT was denoted as Prostate CBCT. FIG. 1 is an example

illustrating these prostate contours obtained from different registration methods.

2.3.1. Center of mass distance

For each of these prostate contours, a center of mass (COM) was calculated in the same CBCT
frame. As a global measure of daily prostate displacement, the Center of Mass Distance (CMD)
of the prostate contours between the bony registration and each of the other three registration

methods was calculated using the following equation:

d=(x=x ) +(y-y,F +(z-2,) 1)

where d is the CMD, and x, y and z are the coordinates of the COM of the transferred prostate
contour after each registration method, and Xo, Yo and z, are the coordinates of the COM of the

transferred prostate contour after bony registration. Using this equation, we verified the result of
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the contour based registration by calculating the relative CMD between the Prostate._ CBCT and

the Prostate_Contour_T.

Using the contour registration (Contour_T) as a benchmark, we compared the accuracy of the
two marker registration methods (Marker_TR and Marker_T) by calculating the relative CMDs
between the Prostate_Contour_T and Prostate_Marker_TR, and between the Prostate_Contour T

and Prostate_Marker_T.
2.3.2. Overlap index

To quantitatively evaluate the geometric properties of the two marker registration methods, we

defined the volume overlap index (Ol) as

_ Prostate _Contour _T NT[Prostate_ CT |
Prostate Contour T 2)

Ol

where T is the transformation applied to the prostate contour from the planning CT
(Prostate_CT) by the two marker registration methods, and the operator () defines the common

area between the two regions of interest. Thus we have

Ol — Prostate _Contour _T ) Prostate_Marker_TR
T Prostate_Contour _ T 3)

and

_ Prostate _ Contour _T () Prostate_Marker_T

Ol;
Prostate_Contour _ T (4)

where subscript TR and T represent the Marker TR and Marker_T methods, respectively. It
should be noted that the Ol increases as the CTV to PTV margin of the Prostate_Marker_TR or

Prostate_Marker_T contour increases. We further computed and compared Ol,; and Ol with

different margins (0 mm, 2 mm, 4 mm, 6 mm and 8 mm) for each patient.
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2.4. Dosimetric analysis

Dosimetric effect can be influenced by the initial planning margin, which was 4 mm posterior
and 6 mm elsewhere. Instead of re-planning using progressively reduced planning margins,
which may introduce variations in plan quality, we created new expanded CTVs to evaluate
dosimetric effect if the IMRT plan were re-planned with reduced margins. Four new CTVs were
created by three dimensionally expanding the Prostate CBCT contour with 2 mm, 4 mm, 6 mm,
and 4 mm posterior and 6 mm elsewhere (denoted as 6/4 mm). We calculated the dose to 95% of
the volume of these newly defined CTVs (D95), and the dose to 5% and 50% of the volume of
the bladder and rectum (D5 and D50). In such an approach, we examined the possible reduction

of CTV to PTV margin for each marker registration method.

To calculate the dose at each fraction for each patient, the treatment isocenter was adjusted
according to the computed shifts from the three registration methods, Marker TR, Marker_T,

and Contour_T.

3. Results

3.1. Prostate rotational shifts

Rotational shifts of the prostate detected from the Marker TR registration were recorded and
shown in FIG. 2 (a) for all 43 fractions. The rotational shifts around anterior-posterior (AP) and
superior-inferior (SI) axes were relatively small and primarily within the range of -5° and +5°,
while the shifts around left-right (LR) axis had larger magnitude and it exceeded 10° at times.
The overall mean and standard deviation (SD) of the rotational shifts about the three axes were
3.3+5.8°, -1.4+2.9°, and -0.8+2.8°, for the LR, AP and Sl axes, respectively. The systematic and
random SDs are listed in Table I. FIG. 2 (b) shows the distribution of the prostate rotations
around the LR, AP and Sl axes. Again, rotations around the LR axis had a boarder distribution

than the rotations about the other two axes, and they also presented extreme values (> 10°).
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3.2. Geometric analysis

The CMD between the transferred prostate contour based on contour registration and the
physician drawn contour on the CBCT is shown in FIG. 3(a). Such distance was detected to be
less than 1.9 mm (1.3+0.5 mm) for 95.3% of all treatment fractions, with exception of two

fractions with a distance of 2.1 and 2.4 mm, respectively.

FIG. 3(b) demonstrates the CMDs between the Contour T shifted and the Marker_ TR or
Marker T shifted prostate, and the difference between the two. It shows that the
Prostate_Marker_T is closer to the Prostate_Contour_T than the Prostate_Marker_TR, especially
when the rotation is large. The difference between the two CMDs ranged from -0.9 to 8.3 mm
when the maximum rotation (absolute value) from all three axes varies from 0.9° to 13.8°. The
mean CMDs between the Prostate_Contour_T and Prostate_Marker_TR or Prostate_Marker_T
were 6.6 and 4.0 mm, respectively. When the rotation was greater than 10°, the difference in
CMD between the Marker_TR and Marker_T registrations was greater than 5 mm in 6 out of 7
(85.7%) of such fractions. When the rotation was greater than 6°, the difference in CMD was
greater than 4 mm in 11 out of 18 (61.1%) cases. The statistics of the two CMDs and their

difference are summarized in Table II.

FIG. 4 compares the average Ol for the Marker_TR and Marker_T methods from 5 fractions for
one patient as a function of the CTV-PTV margin. In general, Ol is greater than Ol;, and as

the margin increases, both Ols approach to 1. For this patient, to achieve 95% overlap between
the “prostate of the day” and the “prostate at planning”, 6 mm margin was required for the

Marker_TR method, while only 2 mm was necessary for the Marker_T method.

3.3. Dosimetric analysis
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To illustrate the dosimetric effect of the two marker registration methods, D95 of the original and
expanded prostate CTVs were computed and compared. FIG. 5 shows the mean and standard
deviation of the daily CTV D95 versus CTV expansion margins for the three registration
methods. It is noted that for the original CTV, the dose coverage does not present a significant
difference between the two marker registrations (p = 0.87) from the paired Student’s t-test;
however, for the four new expanded CTVs, D95 of the Marker_TR are significantly lower
compared with the Marker_T method (p < 0.05). For example, with 2 mm margin reduction
(corresponding to 2 mm CTV expansion in this study), the average daily D95 were 1.91, 1.97

and 2.01 Gy for the Marker_TR, Marker_T and Contour_T methods, respectively (p = 0.03).

FIG. 6 plots the percentage fractions in which the CTV D95 is less than 95% (FIG 6 (a)) and
99% (FIG 6 (b)) of the prescribed dose as a function of the CTV expansion margins. For
example, when CTV was expanded with 2 mm margin, 27.9% fractions had D95 less than 95%
of the prescription dose for the Marker_ TR method, compared with 11.6% for the Marker_T
method. Furthermore, when 99% of the prescribed dose was required, 44.2% fractions failed this
criterion for the Marker_TR, in contrast to 20.9% for the Marker_T. The detailed statistics of

D95 below 95% and 99% are listed in Table I1I.

FIG. 7 shows the daily D5 and D50 for the bladder and rectum, together with the p-value for the
two marker registration methods. The doses to bladder and rectum did not reach statistically
significant difference (p-value for D5, D50 of the bladder, and D50 of the rectum were 0.15, 0.41
and 0.55, respectively) by the Marker_TR and Marker_T methods, except for the case of D5 for

the rectum (p = 0.02).

4. Discussion

In this work, we investigated the magnitude and distribution of the prostate rotational shifts, and

evaluated the geometric and dosimetric effects of the rotations on the treatment plan for prostate
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cancer. It is difficult to deal with rotational setup error and prostate rotational displacement
concurrently, because rotation is not a variable that can be manipulated in the same way as
translation, even if it can be measured. Thus in bony registration, we aligned the two images with
translational only shifts, implicitly including rotational setup error through translational
compensation. Since the rotational setup errors are usually small, this compensation is trivial too.
We focused our study on the more significant translational compensation for internal prostate

organ rotations.

Systematic and random components of interfraction rotations of the prostate are two important
measures to evaluate the organ motion. Expressed as a standard deviation (SD), the systematic
component describes the variation of the mean displacement of the prostate, while the random
component delineates the day-to-day variation. Our data for both systematic and random
components of prostate rotation, together with those reported in the literature, are shown in Table
IV. Because of the difference in treatment protocols, image registration approaches, and
mathematical methods used for error computation in each institution, discrepancy is observed in
these results. Some studies (van Herk et al., 1995; Stroom et al., 1999; Hoogeman et al., 2005)
matched the prostate contours in the planning CT with those in the repeated CT scans to get the
rotational shifts of the prostate relative to the pelvic bones, while others (Dehnad et al., 2003;
Aubry et al., 2004; Owen et al., 2011), similar to what we did in this study, performed the
registration based on the implanted markers. From Table 1V, it is observed that all contour
registrations (the first three methods) tends to have a smaller rotation around AP axis for both
systematic and random variations, compared with marker registrations. In addition, the
mathematical equations used to compute the systematic and random errors might be slightly
different from one study to another. For example, Owen et al. computed the errors using the
method described by van Herk (van Herk, 2004); Stroomet al. and Hoogeman et al. utilized

similar method but corrected the systematic error for the finite number of measurements; Aubry
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et al. and we employed an approach by Remeijer et al. (Remeijer et al., 2000), not only
considering the limited size of samples, but also accounted for the different number of
measurements for each patient. Furthermore, Owen et al. used the marker placed near the apex of
the prostate as the pivot point for rotation computation, while for all the other studies, including
ours, rotations were measured at the center of mass of the prostate contour or markers. Despite
these differences, prostate rotation around LR axis was found to be greater than that of the other

two axes (except for the study conducted by Owen et al.).

In this study, we assumed the prostate be a rigid body in order to focus on the analysis of the
rotational shifts of the organ. The actual shape of the prostate may vary from day to day.
Furthermore, due to uncertainties in contouring the prostate on CBCT images, there was
discrepancy in the CMD between the prostate contour from contour registration and the daily
prostate contour on CBCT, however it remained within 2 mm. Both CMD and Ol analyses show
that, geometrically, the Marker_T registration brings “prostate at planning” closer to “prostate of

the day”, thus provides more accurate prostate localization. Ol, demonstrates higher value than
Ol indicating that with the same CTV to PTV margin, the Marker_T registration leads to

better dose coverage than the Marker_TR. Alternatively, to achieve similar dose coverage, the
Marker_T registration requires smaller planning margins than the Marker_TR. For example, if
95% overlap is required, compared with the Marker TR, the Marker T method requires a
smaller margin in 4 out of 5 patients, of which 3 cases have a margin reduction over 3 mm.
Unlike CMD, Ol is a volumetric measure of the proximity between the marker shifted prostate
contour (Prostate_Marker TR or Prostate_ Marker_T) and contour shifted prostate
(Prostate_Contour_T). It regards the prostate gland as a 3D volume rather than a single point (as
in the CMD analysis). Thus, as a quantitative evaluation of the accuracy of the registration
methods used for prostate localization, Ol incorporates more spatial information into the

analysis, and consequently, it is less sensitive to the uncertainties than the CMD analysis.
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Geometrically, the Marker_ TR method offers an inferior overlap between the *“prostate at
planning” and the “prostate of the day” to the Marker_T; but dosimetrically, it provides similar
acceptable dose coverage to the prostate as the latter one does (p = 0.87). A reasonable
explanation could be that, for the patients available in this study, the CTV to PTV margin of the
plan is generous enough to enclose any shifts caused by prostate rotations. The current trend in
many clinical settings is an attempt to reduce planning margins in order to spare more
surrounding normal tissue, while maintaining similar effectiveness to prior techniques. Our study
shows that if the planning margin were to be further reduced, the method of compensation
rotation with translational corrections will begin to play a bigger role in the daily patient setup,

and the Marker_T method will outperform Marker_TR substantially.

This hypothesis was confirmed by the dosimetric analysis of the D95 for the expanded prostate
CTV. Instead of performing re-planning with various margins for each patient, we expanded the
prostate CTV with margins of 2 mm, 4 mm, 6/4 mm, and 6 mm, resulting 4 plans with reduced
planning margins (4/2, 2/0, 0, and 0/-2). D95 of the Marker T is superior to that of the
Marker_TR as the equivalent planning margin decreases, indicating that when the CTV to PTV
margin is reduced (compared with the original plan), the Marker_T method provides better dose
coverage for the CTV (p < 0.05). Thus the same conclusion can be drawn as the geometric
analysis. As for the critical structures, these two marker registration methods do not significantly
affect doses to the bladder (p > 0.05). For the rectum, D50 of the Marker TR method is not
statistically different from that of the Marker_T (p > 0.05), but the former method showed a
lower D5 value (p < 0.05). A further investigation revealed that for one patient, the Marker_ TR
method shifted the prostate contour anteriorly, away from the rectum, causing less dose received
by the rectum D5, which is a more sensitive measure than D50. However, the CTV in these
fractions also received inadequate dose. Thus, a lower D5 for rectum does not imply that the

Marker_TR is a better solution.
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In summary, the Marker_TR and Marker_T registration methods were compared in this study.
The former method ignores rotational shifts of the prostate detected by the implanted fiducial
markers, imitating current clinical practice when a six-degree treatment table is not available;
and the latter one uses only translational shifts to interpret prostate motion, compensating the
shifts caused by rotation through translation only registration. Geometric and dosimetric
evaluations of the two methods suggested that the Marker_T method is an effective strategy for
prostate rotation compensation. Current planning margin may be larger than necessary if
correcting for rotational shifts in all three axes, but as margins are decreased, dosimetric
coverage may be significantly inferior (and clinically unacceptable) with the marker registration

method with the rotational shifts ignored when compared to the other techniques.

5. Conclusion

This study indicated that the rotational shift of the prostate resulted from marker registration may
be non-negligible. Without a six-degree table, prostate rotations are often not corrected. Simply
ignoring large rotations may lead to increased planning margins or diminished dose coverage.
Compensating for the rotations with translational shifts is effective and superior to ignoring

rotations, achieving better tumor coverage without significantly affecting surrounding OARS.
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Table 1. Prostate rotational shift variations in degrees.

LR AP Sl
Overall mean 3.3 -1.4 -0.8
Overall SD 5.8 2.9 2.8
Systematic SD 4.6 2.3 2.1
Random SD 4.1 2.0 2.0
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Table 11. Analysis of CMD of prostate shifts.

CMD between Marker TRand  CMD between Marker_T and

Difference (mm)

Contour T (mm) Contour T (mm)
Max 15.8 9.1 8.3
Min 1.9 1.4 -0.9
Mean 6.6 3.9 2.7
SD 2.6 1.8 2.4
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Table 11l. Percentage of the daily D95 of CTV with expansion less than 95% and 99% of the
prescribed dose for the three registration methods.

Percentage < 95% Percentage < 99%
CTV Expansion Marker_TR Marker_T Contour_T Marker_TR Marker T Contour_T
(mm)
0 4.7% 4.7% 0% 14.0% 7.0% 0%
2 27.9% 11.6% 2.3% 44.2% 20.9% 7.0%
4 58.1% 27.9% 4.7% 93.0% 60.5% 27.9%
6/4 88.4% 76.7% 67.4% 100% 97.7% 93.0%
6 95.3% 93.0% 72.1% 100% 100% 95.3%
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Table 1V. Systematic and random components (in degrees) of prostate rotations in literature.

Random Components

Authors Systematic Components
LR AP Sl
Contour Van Herk et al. N/A N/A N/A
based
Hoogeman et al. 51 1.3 2.2
Marker Dehnad et al. 4.7 2 2.7
based
Owen et al. 7.6 5 7.7
Our study 4.6 2.3 2.1

LR
4
3.3
3.6
3.6
6.1
10.2
41

AP
1.3
0.9
1.6
1.7
2
6.5
2.0

Sl
2.1
1.5

2

1.9

2.8
15.8
2.0
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FIG. 1. Prostate contours from different registration methods in (a) transverse, (b) coronal, and
(c) sagittal views. Prostate contours in different colors are explained as follows:
Prostate_Marker_TR is shown in blue; Prostate_Marker_T is shown in red; Prostate_Contour_T
is shown in purple; and Prostate_ CBCT is shown in yellow.

FIG. 2. Prostate rotational shifts (a) and its distributions (b).

FIG. 3. Center of Mass Distance (CMD). (a) CMD between the Prostate Contour T and
Prostate._ CBCT; (b) CMD between the Prostate_Contour T and Prostate_Marker TR, CMD
between the Prostate_Contour_T and Prostate_Marker_T, and their difference.

FIG. 4. Overlap index (Ol) as a function of CTV to PTV margin for a patient averaged over 5
fractions.

FIG. 5. The mean value of the daily CTV D95 versus CTV expansion margins for the three
registration methods. Error bar represents one standard deviation. The p-value for the two marker
registrations for each CTV expansion are also displayed.

FIG. 6. Percentage curve of the CTV D95 less than (a) 95% and (b) 99% of the prescribed dose
as a function of the CTV expansion margins.

FIG. 7. Daily D5 and D50 of the bladder and rectum. Column represents mean value and error
bar corresponds to one standard deviation. The p-value for the two marker registrations for each

OAR dose are shown at top.
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Abstract

Purpose

Anatomy delineation is a major time consuming task to correct for inter-fractional changes in
anatomy. Atlas-based auto-segmentation (ABAS) was developed to expedite this process. This
study aims to evaluate the performance of ABAS applying to high quality verification CT-
imaging acquired using a CT-on-rail system for prostate cancer.

Method

The prostate, rectum and bladder were manually contoured for seven prostate cancer patients.
For each patient, three patient specific atlases were generated consisting of one, four and seven
prior image and contour sets. ABAS was applied using these atlases for the last seven daily CT
images of each patient. The auto- and manual-contours were compared both geometrically and
dosimetrically. The reproducibility of the observation was validated by an experienced radiation
oncologist performing the same procedure. The performance of ABAS with patient and non-
patient specific atlases were also evaluated on 21 image sets. P<0.05 was considered statistical
significant for two-tailed paired student t-test.

Results

Contours obtained from ABAS agreed well with the manual ones. With 1-image set atlas, the Ol
and DSC for the bladder were greater than 96% and 91%, respectively. Both indices were above
81% for rectum and prostate. The consistencies significantly improved by including 4 image
sets in the atlas, while a further increase of atlas size to 7 did not show obvious benefits. Dose
coverage for the auto- and manual-contours was similar for all organs. Similar results were
obtained by the second observer. Compared with non-patient specific atlas, patient specific atlas
yielded significantly more accurate contours. The time for ABAS and manual contouring was
~2 min and ~20 min per image set, respectively.

Conclusion
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With diagnostic quality verification images, ABAS can provide fast and accurate delineations for

prostate cancer on a daily basis. The inclusion of more than one CT set in atlas improves the

contouring results.

Key Words: auto-segmentation; contouring; prostate cancer; CT-on-rail; re-planning
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Introduction:

Modern radiation therapy techniques are geared towards conformal delivery to maximize the
treatment effect for tumor and to minimize the radiation exposure for healthy tissues. This
theoretical advantage, however, can be compromised by inter-fractional organ motions and
deformations (1). Various image-guided radiation therapy (IGRT) approaches have been
developed to correct such error (2, 3). The re-positioning method is prevalently used and it shifts
the patient’s couch based on the images acquired immediately before the treatment (2).
However, such approach can not completely account for the rotational motions and organ
deformations.  Alternatively, adaptive re-planning was suggested to be able to provide a
complete compensation for such changes (3, 4). However, the long re-planning time limits its

application in clinical routines.

A major time consuming step for re-planning is the delineation of regions of interest (ROI), i.e.,
tumors and organs at risk (OAR). The contouring of a head and neck case and a prostate case
generally takes 2 hrs and 30 mins, respectively (5). This long contouring time leads to both
logistic and technical challenges (6). In addition, the manual contouring process is known to
suffer from inter- and intra-observe variations (7). Recently, an atlas-based auto-segmentation
(ABAS) method has been proposed that generates the new contours by deforming the prior
contours to fit the anatomy of the new images (8). The improvement in contouring time and
consistency has been demonstrated at different disease sites, i.e., prostate bed (6), head and neck
(9), pelvis (10). In ABAS method, multi-image set atlas provides better results than the single-
image set atlas since it contains images with greater geometric similarity to the new images.
However, such advantage has not been exploited to the fullest extent because the images from
most multi-image set atlases are from different patients due to the limited number of high quality

CT images for each patient. This shortage of high quality image also limits the application
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benefit of ABAS to a few sessions for each patient, i.e., the planning CT and/or a mid-treatment

CT (10, 11).

Recently, in-room CT system such as CT-on-rail is increasingly used in clinical practices over
the country (12). The availability of high quality daily images provides a new regime for the
application of ABAS. First, it can be applied on a daily basis. As a result, patient-specific and
multi-image set atlases can be developed, which may significantly improve the performance of

ABAS as discussed above. However, few studies have explored these potential applications.

In the current study, we performed a thorough evaluation of ABAS on prostate cancer patients
with daily CT acquired from a CT-on-rail system. The overall performance was evaluated both
geometrically and dosimetrically by comparing the auto contours with the manual ones. The
effect of including multiple and/or patient specific image sets in atlas was explored. The
reproducibility was also validated by comparing the results with those obtained from a second

observer.

Method

The current study was performed retrospectively on prostate cancer patients (n = 7), whose daily
CT images were acquired using a CT-on-rail system. The contouring and analysis work was
performed using a commercial software program, MIM 5.2 (MIMVista, Cleveland, OH). All
procedures in the current study were approved by the institutional-review board at Cleveland

Clinic Foundation.

The algorithm of the ABAS in MIM 5.2 has been described previously (6, 10, 11). Briefly, atlas

is generated by including one or more CT images and their associated contours. The atlas image
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sets are then compared with the new image set. The one with best geometrical similarity is
selected. Subsequently, an intensity-based deformable registration is applied to map the contours

of the selected image set to fit the anatomy of new images.

ABAS with single- and multi-image set atlases

To provide the dataset for atlas and the ‘gold-standard’ for contour comparison, all daily CT
images were manually contoured based on the guidelines from Radiation Therapy Oncology
Group (RTOG) 0126. Prostate, rectum and bladder were considered as the ROIs. To evaluate
the effect of atlas size, three patient-specific atlases were generated for each patient using his/her
first one, four and seven daily CT image sets and the associated manual contours. These atlases
were subsequently applied to generate auto contours for the last seven daily CT image sets. The
volumes of manually (Vn) and automatically (V,) generated contours, as well as their
intersectional areas, were recorded on a pixel-by-pixel basis. The accuracy of the auto contours
was evaluated by their geometrical similarity to the manual contours using the dice similarity
coefficient (DSC) and overlapping index (Ol) as below:

2YVm n VaY

L3¢ = i+ o

P Va
Fm

O m
The dose distributions in the manual and auto contours were also compared. Bladder and rectum
were evaluated using the absolute doses received by 5% (D5) and 50% (D50) of the volumes.
For prostate, the D95 and D99 normalized by the prescription dose of each patient were used for

comparison.

ABAS with Patient and Non-Patient Specific Atlases

To evaluate the effect of patient specific atlas, the above results were compared with those

obtained from a non-patient specific atlas, which consisted of the first daily CT image set and
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associated manual contours from four different prostate patients. Subsequently, ABAS was
performed on the last seven daily CT image sets of three patients who were not included in the
atlas. The DSC and Ol were calculated as described above and compared with those obtained

with 4-image set patient specific atlases.

Reproducibility of ABAS and Manual Contouring

To validate the performance reproducibility of ABAS, the ABAS study was repeated by an
independent radiation oncologist. The manual contours for each patient were first regenerated.
Patient specific atlas that consisted of the first daily CT image set and its associated manual
contours was then used for auto-segmentation. The auto contours were compared with those
drawn manually by the same radiation oncologist. The resultant DSC and Ol were compared

with those from the first observer.

In addition, the manual contours made by the two observers were compared to show inter-
observer variance for a total of 49 image sets from the seven patients. The geometrical
overlapping indices (DSC and Ol) were then compared with the above ABAS results from the

two observers.

Statistical Analysis

All results were expressed as meantSD. Two-tailed paired student t test was used for both

geometrical and dosimetric comparisons. Statistical significance was assigned at P<0.05.

Results

With the use of single-image set atlas, the automatically and manually generated contours of

bladder were almost identical for all image slices. A few exceptions occurred when both prostate
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and rectum were also presented (Fig. 1&2). As a result, the Ol and DSC were at a high level of
96% and 91%, respectively (Table 1). For prostate, the disagreement between the auto and
manual contours mostly occurred at their beginning and ending slices. For rectum, air bubbles
were found to be another major cause for the inaccuracies in ABAS (Fig. 1). Nevertheless, an
overall good agreement was observed. The Ol and DSC were 84.6+5.5% and 82.5+6.4% for

prostate, respectively. Although slightly lower, both of them remained above 80% for rectum.

The inclusion of multiple image sets in the atlas yields contours that were more consistent with
the manual ones (Fig. 2). The use of four-image set atlas significantly improved the Ol and DSC
for prostate to 88.8+4.0% and 87.1+3.2%, respectively. Similar improvement was also observed
for rectum. The Ol and DSC were increased to 82.8+14.6% and 84.7+8.8%, respectively. The
improvement in bladder contouring was not obvious since single-image set atlas already
rendered superior results. An increase of atlas size to seven further improved the ABAS results
for rectum. The Ol and DSC were 86.2+9.2% and 87.8+9.9%, respectively. However, they did
not show obvious benefits for bladder and prostate contours as compared with the four-image set

atlas.

Despite of the differences in geometry, the dose distributions in manually and automatically
generated ROIs were similar. The greatest difference was smaller than 4% and not statistically
significant. These dosimetric differences did not show any correlation with the atlas size (Table

2).

Figure 3 shows the effect of patient specific atlas on ABAS’s performance. For all ROIs, both

DSC and Ol were significantly better than those obtained with the non-patient specific atlas.

Rectum exhibited the greatest differences in output (>40 %) in response to this change of atlas
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components. The use of non-patient specific atlas decreased the DSC and Ol from over 80% to a

low level of 50.2+13.5% and 46.8+12.9%, respectively.

The reproducibility of ABAS’s performance was validated by the second observer (Fig. 4). The
DSC and Ol were similar with those obtained from the first observer for all three ROIs,
suggesting a strong reproducibility of the ABAS method. On the other hand, compared with the
inter-observer variation in manual contours, ABAS yielded comparable geometrical similarity
indices (< 3%) for both bladder and prostate. The ABAS generated indices (DSC: 81.0+6.7%
and Ol: 81.1+12.9%) were lower than the inter-observer variation (DSC: 87.5+4.5% and OI:
93.3+3.4%) for rectum because of the presence of air bubbles and large anatomical changes.
These suggest that a manual “fine tuning’ process may significantly improve the contouring

accuracy of rectum, while it is less critical for prostate and bladder.

On the workstation with a 3.07 GHz CPU and 12 GB RAM in our institution, the ABAS process
took less than 2 min for each image set. This was over 7-fold faster than the manual contouring
process, which took at least 15 min. Even when a manual ‘fine-tuning’ was performed on the

auto contours, a significantly reduced contouring time (~5 min) was achieved.

Discussion

In the current study, the performance of the ABAS method was evaluated for prostate cancer on
daily high quality CT image sets. The availability of patient specific and multi-image set atlas
offered auto contours that agreed well with the manual counterparts. The reproducibility of this
superior performance was validated by the second observer. These results suggest that ABAS
can provide fast and accurate delineation for prostate cancer on a daily basis with the aid of CT-

on-rail system.
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Compared with previous ABAS studies (6, 9-11), a distinguish point of the current evaluation
lies in the new designs of the atlas. Specifically, the availability of high quality daily CT images
allows the use of early treatment sessions as the atlas database for ABAS on later treatment
sessions. Therefore, patient specific and multi-image set atlas can be used. Both designs showed
significant improvements in auto-segmentation (Table 1 and Fig. 3). This may be explained by
the fact that the errors occurred during ABAS are positively related to the geometrical difference
between the atlas image set and the new image set (8). Such difference is reduced without the
individual variance for the patient specific design and/or with an increase in atlas size for the
multi-image set design. However, it should be noted that such improvement is not boundless.
Although an extremely large atlas database can theoretically contain all possible geometrical
variations, the time to search through such database can be unbearably long. In addition, with a
fixed number of treatment sessions for each patient, fewer sessions can benefit from the ABAS if
more sessions are manually contoured to increase the atlas size. An atlas size of 4 appears to be
the optimal choice in the current study (Table 1). Nevertheless, future investigations are needed

for other disease sites and may provide further optimized choices.

The difference in the performance of ABAS for prostate, bladder and rectum is in line with the
intensity based algorithm of the current ABAS method. For all three ROIs, the apex and base
regions are relatively lack of signal contrast. Assuming these regions suffer from an equal
inaccuracy in auto-segmentation, the difference in their portions with respect to the total volume
would translate into the difference in the geometric similarity indices for each ROIl. The less
superior results for rectum may also be attributable to the presence of air bubbles. With lower
signal intensity than the rectal tissues, the air bubbles can be easily mistaken as the rectal

boundaries. Future development in the ABAS algorithm may address these problems. However,
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this is beyond the scope of current study due to the corporate confidentiality agreement for our

ABAS software (MIM 5.2).

It should be noted that the current study was designed to provide conservative evaluation for the
performance of ABAS in daily practice. There was a long period (2~4 weeks) between the
acquisition of the atlas image sets and the new image sets. Therefore, the geometrical difference
between the atlas and new image sets were likely to be greater than that between any other image
sets. Better results can be expected when ABAS is performed on image sets acquired earlier in

the treatment course.

An immediate clinical application of the ABAS method is to lessen the burden on segmentation
in off-line adaptive re-planning. Since only ‘fine tuning’ (~5 min) is needed to make auto
contours clinically acceptable, over 3-fold of savings in time can be achieved. Such gain in
efficiency would allow the performance of re-planning on more patients and therefore alleviate
the shortage of radiation oncologist (13). It also allows the performance of re-planning on a
more frequent basis for each patient, which would improve the sparing of the critical structures
(14, 15). In addition, when combined with the fast dose calculation and optimization methods
(3), it holds a great potential to advance the online re-planning practices to become a clinical

routine.

The results of the current study have a particular impact on SBRT, which is increasingly used
nowadays (16). To better spare the OARs, planning margin is commonly used. This, together
with the escalated dose value and gradient, may cause devastating over/under dose effect when
there are minor motions acceptable to conventional IMRT practice (17, 18). Therefore, re-

planning would serve as a more critical means to compensate the inter-fractional motions (3). In
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practice, multi-image set atlas may not be available due to the limited number of treatment
sessions. Nevertheless, single-image set patient specific atlas appears to be adequate to yield

satisfactory ABAS results (Table 1).

Conclusion

The performance of ABAS was explored in a new application setting provided by the in-room
CT system. The use of patient specific atlas in ABAS generated auto contours that were high
consistent with the manual ones. The inclusion of multi-image set in atlas showed further
improvements. The time saved in contouring was significant even a manual ‘fine tuning’ after
ABAS was counted. These results demonstrate the application potential of ABAS in re-planning

to compensate inter-fractional motions on a wider and more frequent basis.
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Table 1. Geometrical comparison of the contours drawn manually and generated automatically

with atlases containing different numbers of image sets.

1-Image Set 4-Image Set 7-Image Set
Bladder Ol (%) 96.5+3.1* 95.5+2.7 95.9+2.8
DSC (%) 91.445.0* 93.6+4.3 94.8+2.5
Rectum Ol (%) 81.1£12.9t 82.9+14.3 86.2+9.1
DSC (%) 81.04£8.7*t 84.7+8.6 87.6+14.6
Prostate Ol (%) 84.6+5.5*t 88.7+4.2 87.815.4
DSC (%) 82.5+6.4*% 87.0+3.3 86.6%4.9

* P<0.05 compared to results from 4-image set atlas. 1P<0.05 compared to results from 7-image

set atlas.
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Table 2. Dosimetric distribution in the ROIs drawn manually and generated automatically with

atlases containing different numbers of image sets.

Manual 1-Image Set 4-Image Set 7-Image Set
Bladder D5 (Gy) 64.9+10.3 66.4+10.6 65.4+10.7 65.2+10.6
D50 (Gy) 25.6+15.3 25.6+15.1 24.8+14.5 25.2+15.3
Rectum D5 (Gy) 66.9+9.4 66.7+9.1 66.4+9.3 66.2+8.9
D50 (Gy) 46.2+12.3 44.4+12.3 44.8+12.9 44.6x£12.5
Prostate D95 (%)*  99.6+2.0 99.6+£1.9 99.6£1.9 99.6+1.8
D99 (%)*  98.3£2.6 98.4+2.6 98.4+2.4 97.5+3.3

* D95 and D99 were normalized by the prescription doses.
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Figure Legends
Figure 1. Manually and automatically generated contours on representative superior (a) and

inferior (b) level slices. Single-image set patient specific atlas was used for ABAS.

Figure 2. Manually and automatically generated contours on a representative mid-level slice

with prostate, bladder and rectum all presented.

Figure 3. Effect of the use of patient specific atlas for ABAS. DSC and Ol were generated with

four-image set atlas. * P<0.05 compared to results obtained using non-patient specific atlas.

Figure 4. Reproducibility study of ABAS methods. ABAS was performed with single-image
set patient specific atlas. DSC and Ol were obtained on the same 21 image sets from two
independent observers. *P<0.05 compared to ABAS results from the 2" observer. 1P<0.05
compared to the inter-observer variations for manual contours. 1 P<0.05 compared to the inter-

observer variations for manual contours.
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Abstract

Background

To resolve the challenge of concurrently treating the prostate and pelvic lymph nodes in whole
pelvis radiotherapy (WPRT), we have proposed a new management strategy referred to as
Multiple Adaptive Planning (MAP), in which a pool of treatment plans is created for the current
and presumed prostate locations. According to daily prostate location, users select the most
matched plan for the treatment of the day. We aimed at identifying the practical number of plans
for implementation of the MAP technique by studying a larger group of patients.

Methods

Considering that large movements (>3 mm defined here) of the prostate relative to the pelvic
bones are in the anterior/posterior (AP) and superior/inferior (SI) directions, we created 9 plans
to accommodate prostate movements of 5 mm in one or two of these directions. From 33
fractions (of six patients), 17 fractions that demonstrated large prostate movements were selected
for this study. For each fraction, one of 9 MAP plans was retrospectively selected according to
the detected prostate movements, which were determined by dual image registrations: one
aligned to the implant markers inside the prostate and the other aligned to the pelvic bones. The
selected MAP plan was then applied to the corresponding MV cone beam CT (MV-CBCT) for
dose calculation. For comparison, conventional isocenter shifting plans and retrospective
adaptive plans were also created using MV-CBCT for each fraction. Three types of plans were
compared in terms of dosimetric values of the targets.

Results

Of these fractions, the MAP, iso-shifting, and adaptive planning technique resulted in similar
dose coverage to the prostate. Correspondingly, 95% of the prostate volume would receive a
daily dose >97% of the prescription dose in 15, 16, and 17 fractions. The above techniques
would result in 95% of the pelvic lymph node volume receiving a daily dose >97% of the
prescription dose in 12, 6, and 17 fractions, respectively.

Conclusions

The use of the MAP technique with 9 pre-created plans can satisfy our treatment goals for
WPRT treatment of prostate cancer with lymph node involvement.
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Background

Although the use of whole pelvic radiotherapy (WPRT) in prostate cancer patients with pelvic
lymph node involvement remains controversial, a growing body of data supports the role of this
technique over that of prostate only RT (PORT) ). For WRPT, in which concurrent irradiation
of the prostate and pelvic lymph nodes is required, IMRT can provide more advantages than 3D
conformal radiotherapy (3D-CRT). These benefits include improved dose coverage to the lymph
nodes and reduced toxicities to the rectum, bladder, and small bowel [10]. Therefore, IMRT has
replaced 3DCRT and become the standard treatment modality for external beam WPRT.

Both designated as target volumes in WPRT, the prostate and pelvic lymph nodes have different
movement patterns with respect to the pelvic bones: mobile for the former and fixed for the
latter. Observed in previous studies, independent movements of the prostate vary from a few
millimetres up to 1.5 cm relative to the pelvic bones [11-16]. It is also agreed that large prostate
motions are not random, and they occur more often in the anterior/posterior (AP) and
superior/inferior (SI) direction. Crook et al [11] showed that the base of the prostate was
displaced more than 1 cm posteriorly in 30% of patients and in 11% in the inferior direction.

The relative movement of these two target volumes results in geometric configurations for
treatment fractions different from those during CT simulation, and causes differences in delivery
and planning doses. The magnitude of dose variations depends mainly on the use of image
guidance, magnitude of prostate motions, and planning margins. With image-guided
radiotherapy (IGRT) which is useful for treatments involving one target volume or multiple
target volumes with fixed geometry, the discrepancy of delivered and planning dose was
minimized. However, for concurrent treatments of two targets with varied geometric
relationship, desired dose coverage for both targets is not guaranteed even under IGRT. For
prostate only treatment, with 3 implanted markers as the imaging surrogates to identify daily
prostate displacements, a common practice to correct for the prostate movement and setup errors
is moving the treatment couch to match the daily and planning prostate locations. While
preserving the prostate coverage, this method may compromise the nodal coverage when the
prostate displacements are larger than the planning margins added on the pelvic lymph nodes.
Although one can increase the planning margins to the pelvic nodes, the use of large margins
increases doses to normal tissues and negates advantages of IMRT. The challenge of WPRT is to
concurrently achieve dose coverage of the prostate and pelvic lymph nodes while using relatively
small margins for both targets.

To resolve the above challenge for WPRT, an ideal approach is to create individual plan based
upon daily images and contours for daily treatment, referred to as adaptive planning here.
Although great efforts have been made to this strategy, it is now not clinically applicable. An
alternative solution, referred to as MLC leaf-shifting method[17], has been proposed to
compensate independent prostate movements by accordingly adjusting the positions of selected
MLC leaf pairs (those only cover the whole or partial prostate) on the isocenter plane
perpendicular to each beam angle. Although desired dose coverage of both targets can be
achieved by using this MLC shifting approach, it is required to add a new feature in the record
and verify (R&V) system for the clinical implementation. To circumvent this obstacle, we
proposed another strategy referred to as multiple adaptive plan (MAP) IMRT[18] based upon a
clinical case. The idea of the MAP technique is to create a pool of IMRT plans to accommodate
multiple presumed prostate positions. With more presumed prostate positions included, dose
coverage of both targets will be improved for the whole course of treatment. However, the MAP
technique will be time-consuming and not practical as the number of prostate positions and
accommodated IMRT plans are too big. In this study, we aim at identifying the practical number
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of IMRT plans required for the clinical implementation of the MAP-IMRT technique based upon
a larger group of patients. We retrospectively evaluated and compared this strategy with the iso-
shifting and adaptive re-optimization strategy. The iso-shifting strategy here is the clinically
implemented approach, which consists of shifting the treatment isocenter based on absolute
prostate movements. The adaptive re-optimization strategy is to generate a new treatment plan
using the daily contours while using the same treatment guideline as the original plan.

Methods
Planning

WPRT for prostate cancer patients includes two steps: an initial IMRT and a boost. Our study
was based upon initial IMRT plans only. For the initial IMRT, primary treatment goals are to
deliver a prescription dose of 45-54 Gy to the planning target volume (PTV) of the prostate and
seminal vesicles (SVs) and to concurrently deliver a 45 Gy prescribed dose to the PTV of the
pelvic lymph nodes over 25 fractions. The PTVs were created by expanding the prostate 1 cm
(0.8 cm posteriorly) and the pelvic lymph nodes 0.5 cm in all directions.

Based on our planning protocol, a configuration of 7 (0°, 35°, 90°, 160°, 200°, 270°, and 315°)
coplanar beams of 18 MV was used for all patients. All IMRT plans were created in the Pinnacle
(v8.0, Philips, Andover, MA) treatment planning system (TPS) by using the direct machine
parameter optimization (DMPO). In addition to meeting the treatment goals for all target
volumes, other primary plan acceptance criteria included: keeping < 5% of the bladder and
rectum from receiving the prescription dose to the prostate and < 20% of the bladder and rectum
from receiving the prescription dose to the pelvic lymph nodes. We applied a proper
normalization to Dpax SO that at least 95% of the PTVs were covered by the prescribed doses.
Dual image registration

All patients were treated on an Oncor (Siemens, Concord, CA) linear accelerator (linac). The
modality for image-guidance equipped with the ONCOR linac was megavoltage (MV) cone-
beam CT (CBCT). The MV CBCT system acquired images by using a 6 MV beam from the
gantry and an amorphous silicon (a-Si) flat panel detector (AG9-ES, PerkinElmer
Optoelectronics, Fremont, CA). Before a treatment, a CBCT acquisition field was added to the
patient treatment using a pre-defined CBCT protocol. During the delivery of this CBCT field,
one portal image was acquired for each degree during a 210° (from 270° to 100°, clockwise)
gantry rotation. The image reconstruction started immediately after the acquisition of the first
portal image, and a typical reconstruction volume is 256 x 256 x 274 (1.1 x 1.1 x 1.0 mm®in
voxel size) [19],[20].

In clinical situation, the MV CBCT and planning CT images were registered based upon 3 gold
markers implanted into the prostate gland (see Figure) using a commercial system (MVision™,
Siemens Medical Solutions, Concord, CA). For our purpose, we performed a second image
registration based upon the pelvic bony structures. Knowing the pelvic nodes relatively fixed to
the pelvic bones, we derived the prostate displacement relative to the pelvic lymph nodes from
the difference between the shifts of these two image registration procedures. The fractions
showing large relative prostate shifts (>0.3 cm in any directions) were selected for this study.

The above dual image registration was also implemented in the Pinnacle TPS in which daily
contours were generated and delivered doses the targets and OAR were retrospectively
calculated. In practice, we first expanded clinical MV CBCT (256 x 256) to match the
dimensions of the planning CT (512 x 512). Next, we sent these processed images to the
Pinnacle system via DICON and used them as the primary image set. Afterwards, we imported

65



the planning CT (as the secondary image set) and associated contours into the same plan via
DICOM. Successive image registrations between the planning CT and daily CBCT were
performed by respectively aligning the implanted markers (see Fig. 1) and pelvic bones. Because
rotational corrections were not explicit considered during treatment, rotational parameters for
image registration were disabled during this image registration.

Creation of daily contours

To retrospectively compare and evaluate daily delivered doses to the target and OARs, daily
contours based on MV CBCT were required. However, because of limited soft-tissue contrast in
MV CBCT, it is nearly impossible to accurately contour the prostate and other organs on MV
CBCT. Our current solution to this problem was to use the CT based contours as the template
followed by possible modifications on certain slices in the Pinnacle TPS.

Considering independent motions of different organs, we transferred the original CT based
contours to the daily CBCT through different image registration procedures. We transferred the
prostate contour after a rigid image registration by aligning implanted markers inside the
prostate. We then transferred the contours of the pelvic lymph nodes, body tissues, bladder, and
rectum from the planning CT to MV CBCT after an image registration by aligning the pelvic
bones. If large prostate shifts occurred, the bladder and rectum contours on the slices with
prostate appearance were modified to avoid overlap or gaps between them and the prostate
contour. In addition, when air appeared in the rectum on certain CBCT slices involving the
prostate, we modified the rectum and prostate contour accordingly on those slices. After this
step, we retrospectively simulated the daily anatomic structures on the daily MV CBCT.

MAP strategy

The MAP strategy requires that a pool of IMRT plans is created based on a planning CT and
each plan is individually optimized to a presumed prostate location. The number of presumed
prostate locations was determined by two factors: shift directions and the increment of shifts in
each direction. In this study, we created prostate contours in consideration of only 4 directions
(AP and SI) and 2 shifts (0 mm and 5 mm shift) in each direction using an in-house program.
Therefore, the total number of plans in the MAP technique was 9, including the plan with no
shifts, A5, P5, S5, I5, A5S5, A5I15, P5S5, and P5I5 (e.g. A5 stands for 5 mm in the anterior
direction). The shifts in the left-right (LR) direction was excluded because prostate movements
along the lateral direction were minimal, based on previous studies™™® and our observation.
Though large shifts more than 1 cm have been observed, their occurrence was much lower than
shifts from 0 cm to 1 cm. In this study, we chose 5 mm as the average shift in each direction. For
each presumed prostate, an IMRT plan was created based on the guideline described in section
11.D. Because we neglected setup errors and prostate distortions, we did not add margins to the
prostate and pelvic lymph nodes. The constraints of the PTV were correspondingly changed to
the prostate and pelvic lymph nodes for DMPO in the Pinnacle TPS. In the future, a small
margin may be added to the targets in practice and it may leave for future investigation.

By registering implanted markers inside the prostate on daily CBCT and planning CT, we
obtained the prostate displacements of the day in reference to the planned isocenter. According
to these shifts, the treatment couch was moved to ensure the treatment isocenter for each
treatment beam the same as the planned isocenter. This method is referred to as the iso-shifting
technique. For this study, we simulated the couch-shifting through shifting the isocenter
accordingly.

Based on daily contours, we also created an adaptive IMRT plan using DMPO in the Pinnacle
TPS for each fraction demonstrating large prostate shifts, using the simulated daily contours and
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the planning goals described in section I1.B. Similar to the MAP technique, no planning margins
were added to the prostate and pelvic lymph nodes of the day.

Relative dose comparison

We calculated doses using the daily MV CBCT in the Pinnacle TPS. However, the accuracy of
such dose calculation is subject to the cupping artifacts and CT density inaccuracy as well as the
limited FOV of our current MV CBCT imaging system. To circumvent these obstacles, we
assigned a CT density of 1 g/cm? to all tissues enclosed by the external contour transferred from
the planning CT. With these approximations, three sets of validation plans were generated on the
daily CBCT using the MAP, iso-shifting, and adaptive planning strategy, respectively. The dose
distributions in each plan were then analyzed and used for relative dose comparison among the
MAP, iso-shifting, and adaptive planning strategy.

The isocenter, inside the prostate, in the planning CT was defined by the intersection of 3
fiducial markers on the patient’s body. These markers were contoured and these contours were
transferred to the daily CBCT along with the body (external) contour to help define the isocenter
on the daily CBCT. The isocenter on the daily CBCT was shifted according the shifts based on
the implanted markers for the iso-shifting plan and unchanged for the MAP and adaptive plan.

Results

Dual image registration

In treatment of 6 patients, MV CBCT was taken on weekly basis, and a total of 33 fractions were
found from patient database. After we performed dual image registrations for each CBCT and
the corresponding planning CT, we found large prostate shifts (> 3mm in any direction) occurred
in 17 fractions. The distribution of large prostate movements was shown in Fig. 2. As expected,
lateral movements were small and large shifts occurred in the AP and SI direction.

Dose comparison

Of these fractions, the MAP, iso-shifting, and adaptive planning technique resulted in similar
dose coverage to the prostate. Correspondingly, 95% of the prostate volume would receive a
daily dose > 97% of the prescription dose in 15, 16, and 17 fractions (see Fig. 3(a). The above
techniques would result in 95% of the pelvic lymph node volume receiving a daily dose > 97%
of the prescription dose in 12, 6, and 17 fractions, respectively (see Fig. 3(b)). We also calculated
delivered doses to the bladder and rectum. The average doses to 5% and 50% of the bladder (D5,
D50), relative to the planned endpoint doses, would be 93.7% (62.0%), 97.1% (63.2%), and
92.2% (62.9%), respectively. The average D5 (D50) of the rectum relative to the planned
endpoint doses would be 92.9% (59.6%), 92.5% (58.7%), and 89.8% (55.8%), respectively.

Discussion

We retrospectively evaluated the MAP technique based on 6 patients receiving concurrent
treatment of the prostate and pelvic lymph nodes under MV CBCT guidance. With the
assumption of minimal prostate movements in the lateral direction, we created 9 MAP plans for
each patient with 9 presumed prostate contours: the contour delineated on the CT and 8 contours
created by rigidly shifting this contour in one or two directions (AP and SI) by 0 or 0.5 cm.
Compared to the iso-shifting strategy, which has been clinically used correct prostate locations,
the MAP technique with 9 IMRT plans achieved similar prostate coverage but improved node
coverage. In contrast to the adaptive planning, the gold standard for this study, the MAP
technique resulted in highly comparable dose coverage of both targets except for one patient. For
this study, prostate deformation and intrafraction motion were ignored.
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Because our MAP plans can not account for all possible prostate shifts, the dose coverage of the
targets may be compromised in fraction with relative prostate shifts different from 0.5 cm (see
Fig. 2), especially in occurrence of shifts more than 1 cm. This situation was in part due to no
margins used for the targets when generating MAP plans. Adding suitable margins (though
smaller than the clinical margins) to the targets may further improve dose coverage of the targets
in MAP plans and will be left for future studies. With reduced margins, better OAR sparing was
also expected.

In creation of 9 plans for the MAP strategy, the first plan required longer time than others. After
a plan was created to meet all planning criteria, it can be used as the template for creating other
plans with minor changes in constraints and contours. In practice, the average time for creating 9
plans was about 3-4 hours with a fairly fast Pinnacle station. As well, using scripting in the
Pinnacle TPS can further expedite the whole process. Though the overall time in preparation of
MAP plans was protracted, the dosimetric improvement can be critical in WPRT compared to
conventional iso-shifting technique. As shown in study, dose coverage in adaptive plans was
slightly better than those in corresponding MAP plans. The difference is expected to be reduced
with suitable margins added to the prostate contours and/or appropriate adjustments for
optimization constraints (i.e. higher minimum dose to the prostate). The overall time for the
MAP technique should be similar to that for the adaptive planning technique if 1/3 fractions
(25/3 =~ 8) require replanning. Instead of having plans ready beforehand as using the MAP
technique, a plan is created after image guidance and before the treatment for the adaptive
planning method to compensate daily anatomic changes. This could result in protracted machine
time and great pressure on all clinical staff.

Although other methods has been proposed for concurrent treatment of the prostate and pelvic
lymph nodes [17, 21], they were not currently practical, which is similar to the case of the
adaptive planning. In our original study of MAP study, we created a pool of five plans to
compensate for prostate movements of 0.5 and 1.0 cm in the posterior and superior directions for
a specific patient. However, with more patients studied, we believed that we should add plans
accommodating for prostate in the anterior and inferior directions. Given the fact that the
occurrence of large prostate displacement (>1 cm) was low, we used 5 mm as the maximum
shift. We believed that the MAP technique with 9 plans can achieve similar dose coverage and
OAR sparing as the adaptive planning technique based on our current studies using MV CVCT.
Considering the limitations of MV CBCT, future studies of using large FOV KV CBCT or daily
CT (e.g. CT on rail) are recommended. As IMRT widely used for WPRT, the adequate node
coverage was prone to the non-randomized large prostate shifts, which has been observed by
many studies. To ensure dose coverage of the prostate and lymph nodes in WPRT, the MAP
technique or other adaptive planning technique is highly recommended. The concept of the MAP
technique could be potentially extended to other sites involving target volumes with independent
motion patterns.

Conclusions

The proposed MAP strategy can be directly applied into clinical practice immediately although it
may require extra effort in treatment planning. Using of the MAP technique with 9 pre-created
plans, which accommodate for independent prostate shifts, can achieve treatment goals for the
IMRT treatment of high-risk prostate cancer.
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Figures
Figure 1. MV CBCT and CT

Coronal view of MV CBCT and planning CT. Two gold seeds can be seen on this slice.

Figure 2 - Prostate shifts
Prostate shifts relative to the pelvic bones (lymph nodes) in 17 fractrions.
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Figure 3 - Prostate coverage
(a) Prostate coverage and (b) Lymph node coverage in 3 types of IMRT plans.
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Percentage to the prescription doses
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Table 1 MAP-IMRT plans and its usage for 17 fractions with shifts 0.4-0.8 cm.
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Appendix D:

Accepted as a poster presentation at the Annual Meeting of American Association of Physicists
in Medicine at Vancouver, BC, Canada, July 31-August 4, 2011. .

Daily Prostate Rotation should be Compensated in Translational Correction
and not to be Ignored

Qingyang Shang, Lawrence Sheplan, Kevin Stephans, Rahul Tendulkar, and Ping Xia

Purpose: To quantify magnitude of the prostate rotation during daily treatment and evaluate
strategies to effectively compensate the rotation if a six-degree table is not available.

Method and Materials: Six patients, with forty-four kilo-voltage cone beam CT (KV-CBCT),
were selected for this study. On these KV-CBCTs, the prostate was contoured by a physician.
These patients had three transponders implanted for non-imaging daily prostate localization
using the Calypso system. To determine the prostate movement, we registered each KV-CBCT
with the planning CT in four different ways: (a) manually align to the bones with translation only
(Bone_T); (b) automatically align to the markers with both translation and rotation (Marker_TR);
(c) manually align to the markers with translation only (Marker_T); (d) manually align to the
prostate contour with translation only (Contour_T). The prostate rotations from the second
method were recorded. Using the contour registration as a benchmark, two center of mass
distances (CMD) between the Contour T and Marker TR/Marker T registrations were
calculated. Only translations were used for the CMD calculation.

Results: Detected from the Marker_TR method, the mean and standard deviation of the prostate
rotations about the transverse, anterior-posterior, and longitudinal axes were 3.21+6.26°, -
1.39+£2.91°, and -0.94+2.75°, respectively. The mean CMD between the Contour_T and the
Marker__ TR/Marker_T shifted prostate were 6.6 and 4.0 mm, respectively. When the rotation is
greater than 10°, the differences in CMD were greater than 5 mm in 7 out of 8 (87.5%) of such
fractions. When the rotation is greater than 6°, the differences were greater than 4 mm in 13 out
of 19 (68.4%) cases.

Conclusions: Without a six-degree table, prostate rotations were often not corrected.
Compensating for the rotations with translational shifts is effective, and superior to ignoring
rotations. Simply ignoring large rotations may lead to increased planning margins or inaccurate
prostate localization.
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Appendix E

Accepted as poster presentation at the Annual Meeting of American Association of Physicists in
Medicine at Vancouver, BC, Canada, July 31-August 4, 2011.

Assessing Planning Margins Using Shifting Dose Matrix Method to Calculate Daily and
Cumulative Doses Under Imaging Guided Radiotherapy (IGRT)

Guangshun Huang, Naichang Yu, Kevin Stephans, Rahul Tendulkar, and Ping Xia
Department of Radiation Oncology, Cleveland Clinic, Cleveland, OH 44195

Purpose: Under daily IGRT, treatment planning margins can be significantly reduced. To
evaluate effectiveness of the current empirical planning margins, we developed an efficient
method to assess daily and cumulative doses.

Methods and Materials: Under daily kilo-voltage cone beam CT (KV-CBCT), daily dose can be
calculated directly using the CBCT, but this method is cumbersome and not necessarily accurate
due to fluctuation of the CT numbers. Based on the Computational Environment for
Radiotherapy Research (CERR) software, we developed additional MATLAB codes to shift the
planning dose matrix according to the daily shifts detected by IGRT. Because the shifted dose
matrices were in the same coordinate system, cumulative dose can be obtained by simple
summation. For 20 patients with prostate cancer, the planning margin of 4 mm posterior and 6
mm elsewhere were utilized. For these patients, we calculated the daily doses and cumulative
doses with and without IGRT to assess sufficiency of planning margins. The calculated
composite delivery doses were compared to the planning doses for the prostate and the planning
target volume (PTV).

Results: For the 20 cases examined, the dose differences to 95% of the prostate (D95) between
the delivered and planned dose were from -3.5% to 0.4% (mean -0.1%). For the PTV, the
differences in D95 were from -11.2% to 0.0% (mean -1.8%). The dose differences to the 50% of
the rectal and bladder were from -5.2% to 13.2% (mean 3.1%) and from -19.6% to 1.0% (-5.0%),
respectively.

Conclusion: The composite dose of multiple-fraction treatment can be obtained by using the
shifting dose matrix method. Because of the adequate planning margin, the cumulative dose
changes due to the prostate motion are small, even without IGRT, indicating either the planning
margin can be reduced or the frequency of the IGRT can be reduced.
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